Abstract The complex nature of plant resistance to adverse environmental conditions, such as salinity and drought requires a better understanding of the stress-induced changes that may be involved in tolerance mechanisms. Here we investigate stress-related morpho-physiological effects during vegetative and reproductive growth in two Japonica rice cultivars (Bomba and Bahia) exposed to a range of NaCl concentrations from the seedling stage. The stress-related detrimental effects were observed either earlier or to a higher extent in cv. Bomba than in Bahia. Damages to the photosynthetic apparatus were related to loss of chlorophyll (Chl) and to a decrease of the maximum potential efficiency of PSII (F v /F m ), affecting negatively net CO 2 assimilation rate (P N ). Stress-related leaf anatomical alterations were analysed during the vegetative and reproductive stages. The size of bulliform cells as well as dimensions related to the vascular system increased under mild stress but decreased in the longer term or under higher stress level. The pattern of the anatomical alterations observed at the reproductive stage under 20 mM NaCl was reflected in poor panicle development and yield loss, with effects more pronounced in cv. Bomba than in Bahia. In summary, our results show that some physiological and, particularly, leaf anatomical responses induced by NaCl stress are distinctive indicators of sensitivity to salt stress in rice cultivars.
Introduction
Salinity is among the major abiotic stresses that hinder plant growth and development, causing important reductions in productivity of field crops. More than 800 M ha of global salt-affected land stands as an ever existing threat to food production (Munns and Tester 2008; Rengasamy 2006) . Resistance to salt stress does not rely on a single trait but, on the contrary, it has a very complex nature. A better understanding of the morpho-physiological variations induced by salinity in crop plants should facilitate the identification of those involved in tolerance mechanisms. Rice (Oryza sativa L.) has been shown to be more saltsensitive at the seedling and reproductive stages than during the vegetative growth and active tillering (Abdullah et al. 2001; Lutts et al. 1995; Moradi and Ismail 2007; Rao et al. 2008; Zeng and Shannon 2000b) . Screening the pattern of responses to NaCl, therefore, should include not only seedlings but also the vegetative and reproductive stages.
The initial osmotic effect of NaCl stress inhibits growth and in further developmental stages, ion accumulation at toxic level results in premature leaf senescence (Munns and Tester 2008) which is reflected by leaf rolling, chlorosis/ necrosis at the tip and in marginal parts of older leaves, as well as in stunted shoot growth (Alam et al. 2004; Munns 2002) . The remaining functional (green) leaf area and younger leaves are thus maintained by the stressed plants, probably to cope with the stress.
Leaf tissues such as epidermal and/or bulliform cells possess large vacuoles (Alvarez et al. 2008; Moulia 2000) which serve as a dump for high amount of Na ? /Cl -ions that are transported to the leaves under stress conditions, to protect physiologically active mesophyll cells (Tester and Davenport 2003) . Ion accumulation, when reaching toxic levels in stressed plants, inhibit photosynthetic activity, whether grown in vitro or in combination with other culture conditions in the greenhouse (Cha-um et al. 2006; Chaves et al. 2009; Dionisio-Sese and Tobita 2000; Djanaguiraman et al. 2006; Moradi and Ismail 2007; Netondo et al. 2004) .
Cell organelles such as chloroplasts and mitochondria in rice leaves are damaged by salinity stress (Rahman et al. 2000) . Thus, reduction in chlorophyll content and in the maximum potential quantum efficiency of PSII, measured as changes in chlorophyll fluorescence (F v /F m ) is related to the salinity-induced swelling and distortion of thylakoids, grana stacking, stroma and chloroplast envelope (Barhoumi et al. 2007; Rahman et al. 2000; Wang et al. 2009; Yamane et al. 2003 Yamane et al. , 2008 . Therefore, these parameters are referred as efficient indicators for the evaluation of stress related effects on photosystem II (PSII) (Baker 2008; Netondo et al. 2004) .
Salinity-induced disturbances in metabolic processes cause delay in flowering and impair fertility, with partial or complete grain loss. This is associated with poor panicle development, which collectively reduces crop yield (Abdullah et al. 2001; Kato et al. 2008; Rao et al. 2008; Zeng and Shannon 2000b) .
Among rice subspecies, Indica cultivars, which are adapted to tropical environment, are generally more tolerant than Japonica rice, mainly adapted to temperate areas (Lee et al. 2003) . Soil salinity is the major constraint to increasing rice production in both tropics and temperate regions. Therefore, a number of investigations on physiological responses to salinity have been performed using jointly Japonica and Indica rice. Thus, Lutts et al. (1995) studied salinity responses in cultivars from both subspecies during germination, young seedling, tillering and reproductive stages. However, most investigations were confined either to seedlings Tobita 1998, 2000; Lee et al. 2003; Lutts et al. 1996a Lutts et al. , 1999 or to a given developmental stage (Asch et al. 2000; Lutts et al. 1996b; Moradi et al. 2003; Ul Haq et al. 2009; Zeng et al. 2002 Zeng et al. , 2003 . Within Japonica cultivars, most investigations have been performed at seedling stage (Bahaji et al. 2002; Sohn et al. 2005; Wankhade et al. 2010) or at flowering (Sultana et al. 1999; Zeng and Shannon 2000a; Zeng et al. 2001) but very seldom at both the vegetative and reproductive stages (Zeng and Shannon 2000b) .
We previously reported on the effects of high salinity levels on leaf anatomy in rice seedlings grown in vitro (Bahaji et al. 2002) or in the greenhouse (Wankhade et al. 2010) . As the salinity levels used did not allow development to subsequent stages, we have studied long-term anatomical and physiological responses induced by lower salinity levels applied since germination in rice plants at latter developmental stages, including flowering and compared the responses obtained with those caused by higher concentrations but shorter time of exposure. To our knowledge, this is the first report on the long-term impact of salinity in leaf anatomy along the rice life cycle.
Materials and methods
Two Japonica rice cultivars (Bomba and Bahia) were used to evaluate morphological and physiological responses in plants subjected to long-term salinity stress. Measurements were performed during the vegetative growth (48-52 days after germination) and at panicle initiation (130-140 days after germination).
Culture conditions and plant development
Rice caryopses were sown in pots (20 cm height 9 22 cm diameter) filled with a mixture of peat substrate (Kekkilä Iberia S.L.) and perlite (3:1) in the greenhouse with day/ night temperature of 27/18°C. Pots were irrigated by water or by NaCl solutions as described by Wankhade et al. (2010) . Plants were subjected to stress when the first leaves were fully extended (approximately 2 days after germination) using salinity treatments of 10, 20 and 150 mM NaCl. Plant height, number of leaves and leaf development were measured in five plants per pot of each cultivar and salinity level. Upon maturity, panicles were counted, harvested and allowed to dry at room temperature before determining their dry weight.
Natural illumination was supplemented with high pressure sodium vapour lamps from 6.00 a.m. to 10.00 p.m. programmed for radiation intensity of minimum 500 lmol m -2 s -1 and maximum 1500 lmol m -2 s -1 . The relative humidity was maintained between 60 and 80 %. The pots were individually placed in plastic trays and their position was randomised every 2 weeks to minimise any variations inside the greenhouse chamber during the experiments.
Two independent experiments were performed, one for low NaCl concentrations, 10 and 20 mM (NovemberApril), and another for 150 mM NaCl (March-August). In both experiments two simultaneous independent replicates, each consisting of 15 plants per cultivar and salinity level, including controls, were carried out. For a better comparison and to avoid duplicity in control values, data for 150 mM NaCl have been scaled proportionally to the difference, if any, between controls of both experiments.
Chlorophyll (Chl) content and Chl fluorescence measurements
Chl content (as CCI: chlorophyll content index) and Chl fluorescence (F v /F m ) determinations were performed on the basal, mid and tip of each analysed leaf blade with a chlorophyll meter (CCM-220, Opti-Sciences, Inc., USA) and a chlorophyll fluorometer (OS-30P, Opti-Sciences, Inc., USA), respectively. Data were obtained from five plants per pot of each cultivar and salinity level using the youngest fully expanded leaf in the vegetative growth and last two leaves (flag and penultimate leaves) at the reproductive stage. To determine F v /F m values, leaves were predarkened with aluminium foil for 30 min prior to the measurement.
Leaf gas exchange
A portable infrared gas analyzer (IRGA) photosynthesis system (LI-COR, Model LI-6200) was used to measure net CO 2 assimilation rate (P N ) in five plants per pot of each cultivar and salinity level. The youngest fully expanded leaf was used for experiments at the vegetative stage, and the flag or the penultimate leaves were measured at the reproductive stage. All measurements were carried out around midday (10.00 a.m. to 2.00 p.m.). The initial CO 2 concentration within the leaf chamber was adjusted to ca. 350 lL L -1 before each measurement and lighting was kept constant during measurements, at approximately 500 lmol m -2 s -1 PAR, using an additional light source (KL-2500 LCD, WALZ).
Leaf anatomy and image analysis
The anatomical analyses were performed in fully extended leaf blades collected at the vegetative and the reproductive growth stages, as indicated above. Anatomical parameters in each leaf section were estimated in the central ridge, in an area containing the central vascular bundle (CVB), as well as in one of the adjacent lateral ridges, in an area containing a lateral vascular bundle (LVB, Fig. 6a ). Leaf thickness, as cross-sectional length at the central ridge, the number of epidermal cells (EC) per mm as well as the size of the largest epidermal and bulliform cells (BC) were also measured.
A total of 70 transverse sections were prepared using leaves from five plants per cultivar, developmental stage and salinity level. Fixation of leaf samples, sectioning, staining with safranine and image analyses of transverse sections were performed as described previously (Wankhade et al. 2010 ).
Statistical analysis
Statistical analyses of data were carried out with the PASW Statistics programme (version. 17.0.3). Significant differences were established by post hoc comparisons (HSD test of Tukey) at P \ 0.05 after ANOVA tests.
Results

Vegetative development under NaCl stress
Control plants of cv. Bomba were taller than those of cv. Bahia at the late vegetative growth and the reproductive stage (40 and 96 %, respectively). Under low NaCl concentrations (10 and 20 mM), shoot height of both cultivars was unaffected during the vegetative growth. At the reproductive stage, though there were no statistically significant differences among mean values, a significant trend to decrease in plant growth with increasing NaCl concentration was noticeable, particularly in cv. Bomba but also in Bahia (r = -0.883, P \ 0.02 and r = -0.819, P \ 0.05, respectively; Fig. 1 ). The effect on plant height was more pronounced in plants of both cultivars subjected to 150 mM NaCl in which a significant decrease, to\75 % of their controls, was measured at the vegetative growth ( Fig. 1 ). These plants did not reach the reproductive stage.
During the vegetative growth, the leaves of control plants of cv. Bomba were wider and more abundant than those of cv. Bahia (Fig. 2) . Growth under 20 mM NaCl stress caused a significant reduction of the number of leaves at this developmental stage in cv. Bomba but not in cv. Bahia. Mean values obtained under 10 mM NaCl were intermediate between controls and 20 mM. In contrast, leaf width decreased significantly under 20 mM NaCl in cv. Bahia. Severe inhibition in both leaf number and leaf width was observed in Bomba and of leaf width in Bahia grown under 150 mM NaCl (Fig. 2) . In addition, this treatment increased leaf thickness, particularly in cv. Bomba, in which a 45 % increase over controls was measured (323 ± 8 vs. 222 ± 6 lm, at the central ridge) while in cv. Bahia it increased 24 % (350 ± 7 vs. 283 ± 20 lm).
Neither of the cultivars withstood 150 mM NaCl stress after the vegetative growth; however, under 10 and 20 mM NaCl stress they progressed till the reproductive stage. At this stage, flag leaves of control plants were longer and wider in cv. Bomba than in cv. Bahia (Table 1) . In both cultivars, the length of flag leaves was unaffected under 10 mM NaCl and decreased significantly under 20 mM NaCl. The width decreased under 10 mM NaCl only in cv.
Bomba while the decrease was significant in both cultivars under 20 mM NaCl (Table 1) .
Leaves from stressed plants exhibited rolled margins with partial or complete chlorosis/necrosis of apical parts in emerging and/or older leaves. These symptoms were evident under 150 mM NaCl during the vegetative growth and under 20 mM NaCl during the reproductive stage. Moreover, leaves from the stressed plants had epidermal layers with thick cuticles and, in general, were more rigid than their control counterparts (personal observation).
Reproductive development under saline stress
The effects of 10 and 20 mM NaCl on the morphology and development of panicles from cultivars Bomba and Bahia are presented in Fig. 3 . Quantitative data on the effect of salinity on yield components of these cultivars have been reported earlier (Wankhade et al. 2010) . Rice plants delayed panicle emergence (flowering) and showed several deleterious effects on panicle development that became more severe under 20 mM NaCl. In this case, emerging panicles exhibited more tightly rolled flag leaf-sheaths in cv. Bomba than in cv. Bahia and once developed, panicles showed sterile/aborted spikelets with partial or complete grain loss (Fig. 3) . Concomitantly, average panicle weight decreased significantly with respect to controls. In cv. Bomba the decrease was approximately four times more pronounced than in cv. Bahia. Likewise, the reduction caused by NaCl on the number of panicles was four to five times stronger in cv. Bomba (data not shown). Therefore, differences in NaCl sensitivity between these two cultivars became evident at the reproductive stage.
Chlorophyll content and fluorescence
During the vegetative growth, chlorophyll (Chl) content in the leaves of both cultivars declined under all three stress levels, particularly under 150 mM NaCl, with a significant decline in pigment concentration down to values \70 % of their controls in both cultivars (Fig. 4) . At the reproductive stage, 10 and 20 mM NaCl-stressed plants showed a reduction in Chl content compared with Leaf width (cm) Fig. 2 Effects of NaCl on number of leaves and leaf width in two rice cultivars during vegetative growth. Within each cultivar, different letters indicate significant differences (P \ 0.05). Values are mean ± SE control plants, which were statistically significant in cv. Bomba at both concentrations (Fig. 4) . The comparison of CCI values of control plants of both cultivars showed that cv. Bahia possessed higher Chl content (around 10 %) than cv. Bomba during both phenological stages, though this difference did not reach levels of statistical significance. The Chl fluorescence (F v /F m ) of dark-adapted leaves, which indicates the efficiency of excitation energy transfer of photosystem II (PSII), declined significantly in cv. Bomba under all the three stress levels in the vegetative growth, while in cv. Bahia a significant reduction was noticed only under 150 mM NaCl (Fig. 4) . At the reproductive stage, F v /F m of cv. Bomba decreased significantly only under 20 mM NaCl stress, while in cv. Bahia it did not differ from controls (Fig. 4) . Thus, plants of cv. Bomba showed a higher sensitivity than cv. Bahia with respect to changes in F v /F m under stress.
Gas exchange
Net CO 2 assimilation rate (P N ) was strongly reduced in both cultivars by high levels of salinity (150 mM NaCl). In both, a comparable reduction of P N during the vegetative growth was measured, yielding values around 25 % of controls (Fig. 5) . In the longer term, however, differences in sensitivity to NaCl were found between cultivars. Thus, at panicle initiation (reproductive stage), low NaCl concentrations did not affect (10 mM) or induced a small decrease (20 mM) in photosynthetic activity of cv. Bahia, while in cv. Bomba P N was reduced significantly at both concentrations, down to values corresponding to 35 and 20 % of controls, respectively (Fig. 5) .
Leaf anatomy Figure 6 shows transverse leaf sections of an area which includes a lateral vascular bundle from control and NaClstressed leaves of cv. Bomba at the reproductive stage. Quantitative data are included in Table 2 .
During the vegetative growth, xylem element vessels as well as dimensions of the central and lateral vascular bundles increased significantly under NaCl stress in both cultivars. The magnitude of the increase was higher under 20 mM than under 150 mM stress (Table 2 ). All the parameters measured were altered by salinity in cv. Bomba. A lower number of leaf features increased significantly in cv. Bahia, but they were also related to the length of vascular bundles and the area of xylem element vessels and bulliform cells in central and lateral vascular bundles. At the reproductive stage, stress-induced alterations in leaf anatomy were more prominent under 10 mM than under 20 mM NaCl. The latter stress level appeared to be excessive at this developmental stage, as also occurred with 150 mM NaCl at the vegetative growth (Table 2 ). In cv. Bomba, values of most anatomical parameters either overlapped (7 out of 12) with control values or increased (5 out of 12) significantly under 10 mM NaCl. The increased parameters were area of xylem element vessels and length of lateral vascular bundles as well as size of bulliform cells in central and lateral vascular bundles. Under a higher stress level (20 mM NaCl), values of most leaf features remained unaffected (9 out of 12) or decreased (3 out of 12) in comparison to control values (Table 2) .
With respect to cv. Bahia, values of several leaf features either overlapped (8 out of 12) with control counterparts or increased (4 out of 12) significantly in 10 mM NaClstressed leaves during the reproductive stage. As occurred with cv. Bomba, stress-induced increases in size were mostly related to xylem element vessels and bulliform cells. Under 20 mM NaCl, most parameters (8 out of 12) decreased significantly in comparison to control values (Table 2) .
Discussion
In these investigations, different NaCl stress levels were applied after germination to evaluate variations in physiological and morphological responses at two different developmental stages of the life cycle of rice (cvs. Bomba and Bahia), i.e. the late vegetative growth and the reproductive stage, which has been shown to present different sensitivity to salt stress (Lutts et al. 1995; Moradi and Ismail 2007; Rao et al. 2008) .
According to our results, values of growth parameters declined significantly during the vegetative growth under high stress level (150 mM NaCl) and the effects of lower NaCl concentrations (10 and 20 mM) varied between cultivars, the decline being greater in cv. Bomba than in cv. Bahia (Figs. 1, 2) . At the reproductive stage, all growth parameters except shoot height decreased significantly under 20 mM NaCl in both cultivars ( Fig. 1; Table 1 ). This suggests that 150 and 20 mM NaCl are excessive These results are in accordance with data obtained with other rice cultivars using various stress levels (Alam et al. 2004; Alamgir and Ali 2006; Khan et al. 1997; Welfare et al. 1996) . During the vegetative growth both cultivars showed a significant decline in chlorophyll content (CCI) and fluorescence (F v /F m ) with increasing NaCl concentrations. At the reproductive stage, the effects were different depending on the cultivar, as both concentrations tested at this stage (10 and 20 mM) induced significant variations in one or both parameters in cv. Bomba while any of these parameters was not affected significantly in cv. Bahia (Fig. 4) . Loss of chlorophyll pigment (Bahaji et al. 2002; Siringam et al. 2009 ) and reductions in the F v /F m ratio under salinity stress were also reported for other rice cultivars (Abdullah et al. 2001; Cha-um et al. 2007; Djanaguiraman et al. 2006; Siringam et al. 2009; Yamane et al. 2008) as well as in sorghum (Netondo et al. 2004 ), naked oat (Zhao et al. 2007 ), wheat (Zheng et al. 2009 ) and chickpea (Eyidogan and Ö z 2007) .
Stress-induced damages to the photosynthetic pigments are coupled with destruction of various enzymatic pathways responsible for CO 2 harvesting during photosynthesis (Chaves et al. 2009 ). This is also related to ion accumulation at toxic levels in photosynthetically active leaf cells (Tester and Davenport 2003) . A decline in P N as a consequence of NaCl toxicity has been reported by several authors in different rice cultivars (Abdullah et al. 2001; Dionisio-Sese and Tobita 2000; Djanaguiraman et al. 2006; Moradi and Ismail 2007; Pieters and Nuñez 2008; Walia et al. 2005; Welfare et al. 1996) as well as in other cereal crops such as sorghum (Netondo et al. 2004) , wheat (Sharma et al. 2005; Zheng et al. 2009 ) and naked oat (Zhao et al. 2007 ). In accordance with this, we observed that P N of both cultivars declined significantly under 150 mM NaCl during the vegetative growth (Fig. 5) .
Data on the effect of NaCl at low concentrations are scarce even though conditions of low level, but extended NaCl stress are common in the natural environment. James et al. (2006) , working with barley and wheat plants, observed a decrease of P N under elevated NaCl levels (more than 150 mM) but an increase at low NaCl concentration (25 mM). They also noticed that the accumulation of Na ? in the leaves of 25 mM NaCl-stressed plant is proportional to the duration of the stress. In this regard, prolonged exposure of cv. Bomba to mild stress levels (10 and 20 mM NaCl, from seedling to reproductive stage) and of both cultivars to higher (150 mM NaCl) stress level for shorter period (from seedling to late vegetative growth), demonstrate clear symptoms of salt toxicity by reducing P N significantly (Fig. 5) . Apart from the possible cumulative effects of NaCl with time, it cannot be ruled out that the response observed at the flowering stage could be consequence of damages occurring at previous developmental stages.
Stress-induced alterations caused by 150 mM NaCl in the anatomy of leaves during the vegetative growth appear related to ion toxicity, since previous results showed that during the seedling stage isosmolar concentrations of sorbitol (300 mM) had less pronounced effects than 150 mM NaCl (Wankhade et al. 2010) . In the present work, salinityrelated symptoms such as leaf rolling, chlorosis/necrosis of leaves and reduced shoot growth were progressively noticed along the duration of NaCl stress and plants did not survive after, approximately, 70 days of stress.
In both cultivars, the size of bulliform and epidermal cells increased under NaCl stress during the vegetative growth (Table 2 ). Similar observations have been reported previously for a different Japonica rice cultivar (Taipei 309) subjected to stresses causing dehydration, such as freezing (Moukadiri et al. 1999) or saline and osmotic stresses (Bahaji et al. 2002) . It has also been shown to occur in cogon grass under salinity (Hameed et al. 2009 ). This suggests a common response to different dehydration stresses in epidermal and bulliform cells, which are largely vacuolated and with low metabolic activity (Alvarez et al. 2008; Moulia 2000) . The presence of large vacuoles may serve as a dumping system for toxic ions that helps to protect mesophyll cells under stress (Epimashko et al. 2004; Tester and Davenport 2003) . During the vegetative growth, anatomical features were increased significantly by mild saline stress (20 mM NaCl). However, this pattern varied drastically at the reproductive stage in both cultivars as most features either were unaffected or decreased in size (Table 2 ). This reflects the toxicity of 20 mM NaCl, applied after germination, at the reproductive stage. Under lower NaCl concentration (10 mM NaCl) most parameters increased in cv. Bomba and the effects were less pronounced in cv. Bahia, as occurred during the vegetative growth under 20 mM NaCl (Table 2) . Boughalleb et al. (2009) studying two xerohalophyte and one glycophyte species reported that the sizes of xylem element vessels in the leaf's main vein were unaffected under salinity, but the number of vessels increased. This may be related to changes in IAA contents in salt-stressed plants, as IAA concentrations control xylem differentiation. Thus, low auxin concentrations result in fewer and larger vessels (Aloni 2010) and, in rice, salinity has been reported to lower IAA biosynthesis (Kim et al. 2006; Prakash and Prathasenan 1990 ). An increase in diameter of xylem vessels may be advantageous under conditions of mild saline stress, as this reduces friction with cell walls and improves water conductance, but not under a stronger water shortage. In this case, a reduction of the effective area for transport and, therefore, in water supply to the above-ground parts of the plant would result in a decrease in plant growth but probably also in higher survival rates. The threshold, however, may depend on the sensitivity of the plant.
In fact, our results show that increases in the area of bulliform and epidermal cells as well as changes in the diameter of xylem element vessels are responses to NaCl stress and the latter appears distinctively associated with sensitivity. Thus, a decrease in these parameters seems a response to the toxic effects of excessive salinity, as this effect occurs at high levels of NaCl (150 mM) or after prolonged exposure to milder stress conditions (reproductive stage, 20 mM) and is more prominent in cv. Bahia than in cv. Bomba (Table 2 ; Fig. 6 ). Therefore, some stressinduced anatomical alterations are related to the level of sensitivity to stress and appear to predict the effect of salinity on grain yield (Fig. 3) .
In summary, the application of saline stress to rice plants, from the seedling stage through the vegetative growth to flowering, allowed us to relate several physiological and, especially anatomical variation to salt sensitivity as a function of both cultivar and developmental stage.
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